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Abstract
Several stratospheric chemistry modules from box, 2-D or 3-D models, have been intercom-
pared. The intercomparison was focused on the ozone loss and associated reactive species under
the conditions found in the cold, wintertime Arctic and Antarctic vortices. Comparisons of both
gas phase and heterogeneous chemistry modules show excellent agreement between the models
under constrained conditions for photolysis and the microphysics of polar stratospheric clouds.
While the mean integral ozone loss ranges from 4 – 80% for different 30 – 50 days long air par-
cel trajectories, the mean scatter of model results around these values is only about ±1.5%. In
a case study, where the models employed their standard photolysis and microphysical schemes,
the variation around the mean percentage ozone loss increases to about ±7%. This increased
scatter of model results is mainly due to the different treatment of the PSC microphysics and
heterogeneous chemistry in the models, whereby the most unrealistic assumptions about PSC
processes consequently lead to the least representative ozone chemistry. Furthermore, for this
case study the model results for the ozone mixing ratios at different altitudes were compared
with a measured ozone profile to investigate the extent to which models reproduce the strato-
spheric ozone losses. It was found that mainly in the height range of strong ozone depletion all
models underestimate the ozone loss by about a factor of two. This finding corroborates earlier
studies and implies a general deficiency in our understanding of the stratospheric ozone loss
chemistry rather than a specific problem related to a particular model simulation.
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1 Introduction
Since the early 1970s numerical simulations of stratospheric chemistry have been used to fur-
ther our understanding of the stratosphere, because the important role of particularly the ozone
chemistry in these altitudes has become more and more obvious. A detailed understanding
and an accurate numerical description of the stratospheric chemical situation is the basis for a
reliable numerical prediction of its future development as a function of human activities. Conse-
quently, it should be expected that, even if the stratospheric chemical schemes and the numerical
methods and assumptions may vary from model to model (although all models seek to describe
the same chemical and physical processes), the results of chemistry simulations for the same
stratospheric conditions are similar. The results of simulations should agree even more closely
if the models use identical input parameters for chemical rate constants and photolysis frequen-
cies. An additional expectance to the models is that the results of the simulations should be in
agreement with measurements. However, for some time it has been known that many chemical
simulations underestimate the magnitude of polar ozone loss (e.g. Hansen et al., 1997; Becker et
al., 1998; Woyke et al.,1999; Becker et al., 2000a) deduced from various observations (M u¨ller
et al., 1996; Rex et al., 1998; Goutail et al., 1999).
An extensive comparison of global stratospheric chemistry 2D and 3D models has ben con-
ducted by Park et al. (1999). In contrast, we compare in this study the chemistry modules
of different stratospheric models under defined conditions along different air mass trajectories.
We present an intercomparison of eight distinct chemical schemes used by participants in the
German ‘Ozonforschungsprogramm’ (Ozone Research Program 1990 – 2000; for a description
of the models see Section 2.1). To ensure the relevance of the intercomparison, it focuses on
ozone loss and the major chemical species related to the chemical destruction of ozone under
Arctic and Antarctic stratospheric winter conditions. Moreover, some of the results of the model
simulations are compared with measurements. Thus, the consistency of the model results was
tested under relevant requirements.
Two sets of intercomparison studies were conducted (an overview of the different scenarios is
given in Section 2.3). Firstly, a set of intercomparisons were performed with the same photolysis
rates, microphysics of Polar Stratospheric Clouds (PSC) and HCl source chemistry (prescribed
runs, for detail see Section 3.1). This set of studies serves primarily to estimate the general
agreement of the different stratospheric chemical models under prescribed boundary conditions.
Additionally, the following subset of studies was performed: the gas phase chemistry modules
of the various models are compared, the impact of the use of individual photolysis modules
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on model simulations is discussed, the heterogeneous chemistry modules are compared and
the influence of the heterogeneous chemistry on model results is shown. The results of the
prescribed studies are presented in Section 3.3.
Secondly, model simulations were conducted in which each model used its standard pho-
tolysis and microphysics scheme and HCl source chemistry (unprescribed runs, for detail see
Section 4.1). With the unprescribed studies, the actual differences between the models and,
moreover, their agreement with measurements is investigated by comparing model results with
measured profiles of several chemical species. The results of the unprescribed studies are pre-
sented in Sections 4.2 and 4.3.
2 Overview of the intercomparison studies
2.1 Participating models
The institutions participating in the model intercomparison are listed in Table 1 and the various
box, 2-D and 3-D stratospheric chemistry models are briefly described in Table 2. A citation is
given for the photolysis, gas phase and heterogeneous chemistry code employed by each model.
The model acronyms are printed in the colours to be used when representing the results of the
respective model. All models were operated in a box mode for the intercomparison. The time
development of temperature, pressure and solar zenith angle was prescribed along actual air
mass trajectories. The timestep of the data input as well as the output timestep was one hour.
All models used rate constants compiled by DeMore et al. (1997).
2.2 Species compared
The species to be compared in the model intercomparison are divided into two groups: The first
group contains O3, HNO3, ClOX (=ClO + 2Cl2O2), ClONO2, HCl and the particle surfaces
SSTS,NAT,ice. This group is discussed in Section 3.3 for several selected scenarios. The second
group, containing N2O5, BrO, NO, NO2, OH and HO2, is presented on a model intercomparison
website (see Appendix), where a comprehensive collection of the initial data and simulation
results for all participating models is available.
2.3 Description of the scenarios
For the intercomparison of the various models a set of scenarios was compiled that allows
different modules of the models to be compared and reflects the meteorological and chemical
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conditions in the Arctic and Antarctic winter stratosphere. An overview of the scenarios is
shown in Tables 3 and 4, the associated trajectory temperatures and Solar Zenith Angles (SZA)
are shown in Figure 1. Two groups of scenarios are considered in the model intercomparison
which are described in the following.
2.3.1 Prescribed Arctic and Antarctic scenarios
In the prescribed scenarios, the photolysis frequencies and the microphysics of PSC are stan-
dardized to ensure that only the actual chemistry module may cause differences in the results.
The chemical reactions embedded in each module have not been prescribed with the exception
of the HCl source reactions (for details of the prescriptions see Section 3.1).
The Arctic and Antarctic winters of the year 1995 were chosen for the prescribed model
intercomparison studies. The intercomparisons start with the end of the polar nights (Arctic:
11 Jan., Antarctic: 30 July, see Figure 1 and Tables 3 and 4) and extend towards the end of the
lifetime of the polar vortices (Arctic: 31 March, Antarctic: 31 Oct.). This time period is covered
by two trajectories based on meteorological fields (denoted as trajectories 1 and 2) on the 475K
level whereas the second trajectory is initialized at the endpoint of the first. The description of
chlorine activation is tested in the first scenarios represented by trajectories 1, while the second
scenarios (trajectories 2) serve to investigate chlorine deactivation processes. Both the Arctic
and Antarctic trajectories remain inside the respective vortex 1 . The trajectories are calculated
from the meteorological database of UKMO (United Kingdom Meteorological Office).
In the Arctic scenarios ARCTIC 1 and 2 the temperature falls below the PSC - formation
point at the beginning of trajectory 1 (see Figure 1) and again several times with progressing
trajectory time, finally shortly before the vortex breaks up (trajectory 2). In order to compare the
gas phase modules of the models, two model runs along both Arctic trajectories are performed.
Firstly, model runs including only gas phase chemistry are conducted (ARCTIC 1 (GPH) and
ARCTIC 2 (GPH), see Tables 3 and 4). In these model runs the complete activation of chlo-
rine and bromine is included in the initialization (for more detail see Section 3.2 on gas phase
initialization). This allows the study of the gas phase ozone loss cycles and the reformation of
halogen reservoir species. An additional model run is performed for ARCTIC 1 (GPH), where
each model uses its individual photolysis frequencies, showing the influence of the individual
1For the Arctic scenarios 420 and 600K levels are additionally evaluated; they are not shown in Figure 1, but
are available on the model intercomparison website, see Appendix.
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representation of photolysis on the time evolution of the chemical species when compared with
the run with standardized photolysis frequencies.
Secondly, model runs including the heterogeneous chemistry modules are performed (ARCTIC
1 (GPH + HET) and ARCTIC 2 (GPH + HET)). This allows conclusions to be drawn on the im-
pact of heterogeneous chemistry on the various chemical species and, because of the different
ways heterogeneous chemistry is implemented in each model, to compare the heterogeneous
chemistry modules of the models.
In the Antarctic scenarios ANTARCTIC 1 and 2, trajectory 1 (Figure 1) starts with temper-
atures below the ice-frost point; the temperature increases steadily in the course of trajecto-
ries 1 and 2. In the model runs along both Antarctic trajectories the modules for gas phase and
heterogeneous chemistry are active (ANTARCTIC 1 (GPH + HET) and ANTARCTIC 2 (GPH +
HET)).
2.3.2 Unprescribed Arctic scenarios
In the unprescribed scenarios each model is operated individually, on the one hand to exam-
ine the extent to which each model can reproduce the ozone loss and the associated species
described in section 2.2, and on the other hand to evaluate the actual difference between the
models.
Therefore, model calculations are compared with measurements in the Arctic winter 1995.
This study is adopted from Woyke et al. (1999), who used the FACSIMILE model (FZ–J u¨lich–
version, see Table 1). The time period of this ARCTIC CASE STUDY ranges from early winter
1994 until early spring 1995 (see Tables 3 and 4), during which measurements of vertical pro-
files of several chemical species are available. Six 50 day backward trajectories on different
levels cover this period. A detailed description of this study is given in Section 4.1.
Here the study is repeated for all models participating in the model intercomparison. The
model calculations are performed using individual heterogeneous chemistry settings, photolysis
frequencies and HCl source reactions, i. e. they present the largest possible scatter of model
results. To study the model scatter, the trajectory at the 475K – level was taken (see Figure 1,
lower left and right panels). It can be seen that the temperature was relatively high on average
and it was quite dark along the trajectory, but nevertheles PSC formation occurs several times.
To test the agreement of models with measurements, simulation results at the end of the six
trajectories are compared with the measured profiles.
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3 Prescribed Arctic and Antarctic scenarios
3.1 Prescriptions
3.1.1 Standardized photolysis frequencies
The standardized photolysis frequencies are calculated using the formula derived by R o¨th
(1992) (see also Table 3):
j = a · exp
(
b ·
(
1− 1
cos(c ·χ)
))
(1)
where j is the photolysis frequency and χ is the SZA. The values of the parameters a, b and c
are tabulated for each scenario for 115 photolysis reactions at the mean latitude, albedo and O3
and O2 columns of the respective trajectory.
The impact of photolysis on the mixing ratios of the chemical components also depends on
the maximum SZA allowed in the model calculations. For example, it is estimated by the model
MPIC for the ARCTIC CASE STUDY (475K) that the total percentage ozone loss is 25% if the
maximum SZA is 90◦ and increases to 31% when the maximum SZA is raised to 92◦; this is the
case since the photolysis of Cl2 and Cl2O2 already proceeds in twilight and determines the time
span available for ozone destruction (i.e. Becker et al., 2000b and Rex et al., 2000). Therefore,
for the model intercomparison
j = 0 for χ > 100◦ or (c ·χ) > 90◦ (2)
is defined as the upper truncation condition for the calculation of the photolysis rates.
3.1.2 Standardized PSC microphysics
Since the modules for heterogeneous chemistry reactions are to be compared here, the potential
influence of different PSC microphysics on heterogeneous chemistry is suppressed by using
standardized PSC microphysics described in the following.
The background supercooled liquid ternary solution (STS) aerosol particles are formed from
gas phase H2SO4 and H2O. Owing to its very low vapor pressure, all H2SO4 is assumed to be
in the condensed phase. HNO3 equilibrates between the gas and particle phase according to
the actual thermodynamic conditions. The resulting particle number density distribution N(r) is
assumed to be lognormal with a given width σ.
Therefore, the total STS particle surface density (SSTS) at the starting point of each respec-
tive trajectory depends on the prescribed mixing ratio of H2O, H2SO4 and HNO3, the prescribed
number of STS particles (NSTS) as well as on the initial pressure and temperature. NAT (nitric
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acid trihydrate) and ice particles nucleate when a prescribed supersaturation is reached. Then,
a defined number of particles NNAT or Nice appear. Note that in the case of NAT formation,
STS and NAT particles coexist, whereby the number of STS particles is reduced by the num-
ber of NAT particles. In the case of ice formation, STS, NAT and ice particles coexist. The
standardized values for PSC microphysics (NSTS, NNAT, Nice, SupersatNAT , Supersatice) and
the initialization of the background STS aerosol (H2SO4, σ, SSTS, Sice) are listed in Table 5 for
all prescribed scenarios. The respective initial micxing ratios of gas phase H2O and HNO3 are
shown in Table 6.
3.1.3 Standardized HCl source reactions
A third standardization was introduced retrospectively as a result of the model intercomparison.
It was found that the strength of HCl formation varies substantially with the different chemical
reaction pathways implemented in the models 2 .
This is demonstrated by means of the ARCTIC 1 (GPH) scenario (Figure 2), where the
four most important possible source reactions for HCl are enabled one after another using the
KASIMA model. As also shown in Figure 2, the ozone loss (and likewise the other chemical
species) is not strongly affected by the strength of HCl source reactions. As a result of this
sensitivity study, only the two major source reactions for HCl that are unequivocally supported
by laboratory measurements
(r1) Cl+CH4 −→ HCl+CH3 (DeMore et al., 1997)
(r2) ClO+OH ∼6%−→ HCl+O2 (Lipson et al., 1997)
are enabled in all prescribed scenarios of the model intercomparison.
3.2 Initialization of gas phase chemistry
The initial mixing ratios of the gas phase species for the various scenarios are listed in Table 6.
The values for the first scenarios ARCTIC 1 and ANTARCTIC 1, are calculated for the starting
points of the respective trajectories using the two – dimensional MPIC model (see Table 3).
For the scenario ARCTIC 1 (GPH), where heterogeneous chemistry is not taken into account,
these initial conditions were modified (‘activated’) to simulate realistic ozone destruction: all
HCl + ClONO2 was transformed into ClO whereas HCl and ClONO2 were initialized as zero.
2in their original configuration, the participating models took into account the following HCl production chan-
nels (reactions see Figure 2): AWI, BRAPHO, CLaMS, MPIC: r1 and r2; KASIMA: r1, r2, r4; COMMA, EURAD-
TS: r1, Mainz-FACSIMILE: r1, r2, r3.
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Similarly, the inorganic bromine species were transformed into BrO, and N2O5 into 2 ·HNO3.
These parameters are listed separately in Table 6 for ARCTIC 1 (GPH) and (GPH + HET), all
other initial values are identical for both scenarios.
As initial values for the second scenarios ARCTIC 2 and ANTARCTIC 2, the respective val-
ues at the end of the first scenarios (calculated by the BRAPHO or CLaMS model) are taken.
Along the trajectory of ANTARCTIC 1 ice particles are formed for a certain time and may fall
out by sedimentation. Therefore, the initial values of ANTARCTIC 2 are modified: (a) the ini-
tialization is artificially dehydrated by taking the minimum value of H2O during ANTARCTIC
1; (b) denitrification is taken into account by initializing ANTARCTIC 2 with one quarter of the
NOy of ANTARCTIC 1.
3.3 Agreement of the models in the prescribed scenarios
A summary of the evaluations for the prescribed scenarios is presented here. We show only the
most relevant results for the 475K level, since the findings for 420K and 600K levels are very
similar and are reported on the website described in the Appendix.
3.3.1 Scatter of the percentage ozone loss
As a measure of the agreement among the models we chose the scatter of all model results
around the mean ozone loss in percent at the end of each scenario (see Table 7). The mean
ozone loss covers a wide range from about 4% to 80% depending on the specific scenario.
Irrespective of the strength of the ozone loss, the standard deviation of the individual model
results from the mean values ranged between only 0.2 – 3.3% (absolute units) for the prescribed
scenarios, i.e. very good agreement of the models was achieved under prescribed conditions.
The simulated absolute loss rates reach peak values of 40 – 60 ppb/day for the Arctic sce-
narios but only for very short periods; because of the lack of sunlight along the trajectories also
very low loss rates of ≈5 ppb/day occur for the Arctic cases, even during the period of strong
chlorine activation. For the Antarctic scenarios, peak values of ≈130 ppb/day for the ozone
loss rate are simulated by the participating models. Owing to varying solar insolation, loss rates
vary as well; even during the period of strong chlorine activation loss rates below≈60 ppb/day
occur.
In Figure 3 (bottom three panels), the percentage ozone loss of each model in the course of
the prescribed scenarios is shown (the percentage ozone losses at the beginning of the second
scenarios are adjusted to the mean ozone loss at the end of the respective first scenarios). Again
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it can be seen that the agreement of the models is good in the prescribed scenarios 3. The spread
of the ozone loss rates of the various models is mainly due to different ClO concentrations
(see Figure 4). Even for the ARCTIC 1 (GPH + HET) scenario with prescribed photolysis rates
(Figure 4, right panel), ClO concentrations simulated for the last 5 days of the scenario with the
KASIMA (green) and MPIC (pink) models are considerably greater and those of the COMMA
model (olive) considerably smaller than the average. The different ClO concentrations and thus
the spread in ozone loss rates is due to the different set–up of the heterogeneous chemistry in
the models; for the ARCTIC 1 (GPH) scenario –pure gas phase– a much smaller spread of the
ozone loss rates is found (Figure 4, left panel).
3.3.2 Model run with individual photolysis schemes
Additional model runs were performed that are identical to the prescribed ARCTIC 1 (GPH)
scenario, except that each model uses its individual photolysis module (with the same overhead
ozone profile as in the prescribed scenario). Thus, the impact of different photolysis schemes
on evolution over time of the chemical species can be investigated. The result, shown in Table 7
(lower line) and in Figure 3 (top left panel), can be compared directly to the original prescribed
run shown in the panel below. The influence of different photolysis modules on the development
of the ozone loss is not very large for any of the models, the standard deviation of the mean
ozone loss only increases from 0.3% to 1%. As in this model run the ozone profile is prescribed,
the scatter of model results could increase if individual ozone profiles are used. However,
sensitivity runs with the CLaMS model show that this influence is negligible.
Most notable in the model run with individual photolysis schemes is that in comparison to
KASIMA (which uses the standard photolysis scheme after R o¨th, 1992; green curve) all models
show a slightly smaller ozone loss when their individual photolysis modules are used.
3.3.3 Sensitivity of ozone loss to uncertainties in trajectory temperatures
To test the sensitivity of model results to potential errors in the trajectory temperature, two
additional model simulations for each scenario were performed using the chemistry scheme
from the CLaMS model, each with ±2K offsets to the trajectory temperature.
It is found that: a) for the scenarios without heterogeneous chemistry, the uncertainty of the
percentage ozone loss caused by the temperature is very small (about±0.3%) being in the same
3However, particularly in the ARCTIC 1 (GPH) and ARCTIC 2 (GPH+HET) scenarios the MPIC (pink) model
is not comparable with the other models as explained in Table 2. Therefore, it is not included in the calculation of
the mean ozone losses and standard deviations of these scenarios.
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range as the scatter of model simulations; b) in the prescribed cases including heterogeneous
chemistry, the uncertainty of the ozone loss caused by the temperature variation becomes much
more important (up to about 15% for ANTARCTIC 2). This is because the formation of NAT
with subsequent ozone destruction can be suppressed/enhanced by higher/lower temperature.
3.3.4 Detailed example of model agreement under prescribed conditions
As a detailed example for the good agreement of the models in the prescribed scenarios, all
key chemical species (see Table ??) are shown for the ANTARCTIC 2 (GPH + HET) scenario
in Figures 5 and 6 (left panels). NAT is formed several times between day -50 and -30. This
leads to activation of chlorine from the ClONO2 and HCl reservoirs with subsequent severe
ozone destruction of 2.4ppm (see Table 7). After this time period, the Antarctic vortex begins
to weaken (see Figure 1). The reservoirs recover while the chlorine species ClO and Cl2O2
disappear, HNO3 decreases and O3 stabilizes at a low level. Over the course of this simulated
time period, which includes very strong chemical transformation processes, the models show
quite a good agreement for all species. This good agreement suggests that the current knowledge
of stratospheric gas phase chemistry is well represented in all models.
4 Unprescribed Arctic Case Study
4.1 Description of the Arctic Case Study
Vertical profiles of ozone, chlorine monoxide, bromine monoxide and HCl were recorded in the
Arctic vortex in February 1995. Model calculations were performed along six 50–day back-
ward trajectories at six isentropic levels (see Table 3), all ending at the measured profiles. The
trajectories start in the early winter of 1994, when the gas phase chemistry is still unperturbed
by heterogeneous chemical processing, and end in February 1995 when ozone has already been
destroyed. Comparison of the model results at the end of the trajectories with the measured pro-
files therefore allows an assessment of the performance of the stratospheric chemistry schemes
implemented in the models (see Section 4.3).
As mentioned above, the photolysis rates, PSC microphysics and the HCl source reactions
are chosen individually in each model in the ARCTIC CASE STUDY. Therefore, it is also suit-
able for investigating the influence of, in particular, different settings of PSC microphysics and
heterogeneous chemistry on the model calculations. This is done for the 475K level (see Sec-
tion 4.3), the respective trajectory is shown in Figure 1 (for the sake of brevity the trajectories
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at the other levels are not shown here).
The ARCTIC CASE STUDY is discussed in detail by Woyke et al. (1999). Only a summary
of the most important premises is given here.
Measurements: The accuracy of the measurement of ClO is 20%, for BrO it is 30%, for
O3 < 2% and for HCl 10%. The ozone loss derived from the balloon observations at the 480
– 500K level is confirmed by various other methods: satellites (HALOE, POAM), Match and
Lidar.
Initialization of model runs: For this study a very careful initialization is necessary, that
means a good description of the stratospheric chemical conditions at the beginning of the tra-
jectories. The initial values for the model runs are based on in situ measurements of long–lived
tracers: the chemical species of interest are derived from empirical correlation functions be-
tween their mixing ratios and those of the measured tracer. Through this procedure, diabatic
descent is taken into account in the initialization (data of initialization are reported in Woyke et
al., 1999).
Sensitivity studies: A variety of sensitivity studies were carried out with FACSIMILE (FZ–
J u¨lich version) to ensure the validity of the model results: for each level an ensemble of 13
different trajectories, all ending around the point of the balloon measurements, was considered.
Very similar results were obtained for all trajectories at each level. Furthermore, the tempera-
ture, the initial HNO3 mixing ratio and the aerosol surface area were varied within reasonable
limits and denitrification processes are simulated by removing HNO3 permanently during PSC
existence. The results of the sensitivity runs are within the limits given by the use of the trajec-
tory ensembles.
4.2 Agreement of the models in the unprescribed Arctic Case Study
As an example of unprescribed model conditions, the mean percentage ozone loss is shown
for the ARCTIC CASE STUDY (475K) in Table 7. The scatter of model results around the
mean reaches 6.7% (absolute units), which is about twice the maximum value (3.3%) of the
prescribed model runs. This larger scatter is most likely not caused by the different photolysis
schemes as can be seen from Table 7: the scatter around the mean ozone loss in the ARCTIC
1 (GPH)ind. photol. rate scenario is only 1%. This argument can also be applied to the ARCTIC
CASE STUDY because the zenith angles of the two scenarios are comparable (see Figure 1).
The settings of PSC microphysics and heterogeneous chemistry are found to be the cause of
the larger scatter of the model simulations, where two main sources are identified: the super-
saturation SNAT required for NAT formation and the reaction probability γ of the heterogeneous
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reaction on NAT: ClONO2 + HCl → Cl2 + HNO3. As a function of these settings, three groups
of models are found (see Figures 5 and 6 (right panels)):
Model group 1 (SNAT > 1, γ = f (1/T) → most realistic assumptions with SNAT = 10): In the first
model group the chlorine activation from the ClONO2 and HCl reservoirs starts later (day -29)
than for group 2 or 3 (day -39). This is because in the first group SNAT > 1, i. e. a lower tempera-
ture is needed to form NAT than in the case of SNAT = 1 (at T = 195K). At day -39 the temperature
is only slightly below 195K and a lower temperature is not reached until day -29 and again at
day -20 (Figure 1, lower left panel).
In addition, the reduction of ClONO2 and HCl due to the occurrence of PSC is weaker in
group 1 than for the other groups. The reason is the temperature dependence of the heteroge-
neous reaction probabilities γ = f (1/T), expressing that the strength of the activation of chlorine
increases with decreasing temperature. Strong activation only takes place if the temperature
remains clearly below TNAT, which happens in this scenario at day -20 (see Figure 1).
Both settings of heterogeneous chemistry prevent strong chlorine activation until day -20 and
therefore the models in group 1 show the lowest ozone loss.
Model group 2 (SNAT = 1, γ = f (1/T)): Because SNAT = 1, the chlorine activation already starts at
day -39 in group 2, but it is not very pronounced because γ = f (1/T) and T is only slightly below
195K for a short time. This leads to a stronger ozone loss than for group 1.
Model group 3 (SNAT = 1, γ = const): The models of the third group show the strongest ozone
loss, which results in an early (already at day -39 because SNAT = 1) and strong (because γ =
const. does not depend on temperature) chlorine activation.
To summarize, the uncertainties in the knowledge of the heterogeneous processes (composi-
tion of particles, PSC formation temperature, heterogeneous reaction rates) in the stratosphere
are reflected here by the scatter of model results. As a result of the model intercomparison we
conclude that if the assumptions about heterogeneous processes on PSCs are not realistic the
simulations of stratospheric ozone chemistry will not be representative. Therefore, an improve-
ment of the understanding of the microphysics and chemistry of PSC should be aimed at to
achieve a more reliable prognosis of stratospheric ozone depletion.
4.3 Comparison of measurements with model calculations
The measured balloon–borne ClO profile (Figure 7, top left) shows a peak at about 450–550K
(19–23km), indicating substantial chlorine activation from the HCl and ClONO2 reservoirs and
thus the potential for chemical O3 depletion in this region. Indeed, the HALOE HCl profile
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(Figure 7, top right, black triangles) shows much lower mixing ratios when compared to the
initial profile (?). Further, an ozone loss of about 35% is derived at about 500K (Woyke et al.,
1999) as the difference between the initial value (?) and the measured ozone profile (solid line
in Figure 7, bottom left). As expected for a compound occurring in active form in the lower
stratosphere without the need for heterogeneous activation, the observed BrO (Figure 7, lower
right) shows very little variation with altitude.
With respect to ClO, the models can reproduce the shape of the measured profile, but with a
scatter which is larger than the errors of the measurement, especially in the region of high ClO
mixing ratio or strong ClO gradient. The three groups of models discussed in Section 4.2 are
again found in this scatter: the models of group 1 (lowest chlorine activation, but most realistic
assumptions for SNAT and γ, e.g. turquoise and red) will produce the smallest amount and those
of group 3 (strongest chlorine activation, e.g. green) the highest ClO. Altogether, a tendency to
overestimate ClO is seen.
This tendency is also seen in the simulated BrO 4 . The scatter in BrO is due to both differ-
ences in reaction schemes and photolysis rates: the remaining inorganic bromine is mainly in
the form of BrCl that is formed from a minor channel of the reaction BrO+ClO and is destroyed
by BrCl photolysis. From a comparison of the BrO diurnal cycles of ARCTIC 1 (GPH, standard
photolysis rates) with ARCTIC 1 (GPH, individual photolysis rates) it is deduced that the differences
in BrO are caused by both the simulated ClO and mainly by the BrCl photolysis rates.
The scatter of model results around the HCl profile in this height region is much less pro-
nounced.
From Figure 7 (bottom left) it also can be seen that the scatter of model results is small for O3
and represents well the observed ozone loss up to the 475K level and again for 675K. However,
none of the models can reproduce the measured stratospheric ozone loss in the height range
of strongest ozone depletion (500 – 600K). Here, all the models underestimate the cumulative
ozone loss by a factor of about two. The underestimated ozone loss is especially remarkable
because most of the models clearly overestimate ClO and BrO, which should lead to a chemical
ozone depletion stronger than that observed. Nevertheless, the three model groups can again
be identified when taking into account that higher ClO leads to lower O3. It should be noted
that those models closest to the observed ozone loss belong to model group 3 with the simplest
assumptions for heterogeneous chemistry settings and the strongest overestimation of ClO.
The hypothesis that the ozone loss is underestimated by the models by about a factor of two
is strengthened when bearing in mind that, on the one hand, the measured ozone loss in this
4the model MPIC (pink) is not represented in this figure because its bromine chemistry is not complete.
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altitude range is confirmed by other methods (Woyke et al., 1999 and Section 4.1) and, on the
other hand, the model results already represent their largest possible scatter and will not reach
the observed values even if crucial model input parameters are changed within reasonable limits
(Section 4.1). Further, this discrepancy is also found by other studies (for example the Match
studies by Becker et al., 1998, Becker et al. 2000a, Rex et al. 2000, and the study by Goutail et
al. 1999). In summary, this supports the conclusion that stratospheric ozone chemistry may not
yet be completely understood.
5 Summary
Within the framework of a stratospheric chemistry model intercomparison various box, 2-D
and 3-D models are compared for a broad band of chemical situations in the polar winter strato-
sphere. The focus of the study was to extensively compare the chemistry modules of the partic-
ipating models for these conditions.
As the models aim to represent the current understanding of stratospheric chemistry they
are expected to agree with each other under the controlled conditions of prescribed photolysis
frequencies and PSC microphysics. Therefore, several prescribed Arctic and Antarctic scenar-
ios were compiled for the year 1995 and two types of model runs were then performed: in the
first runs only gas phase chemistry was considered while both gas phase and heterogeneous
chemistry was enabled in the second version.
The mean ozone loss, chosen here as a measure of the agreement of the models, covers the
wide range from about 4% to 80% depending on the specific scenario. Peak simulated ozone
loss rates are 40 – 60 ppbv/day for the Arctic and ≈130 ppbv/day for the Antarctic scenarios.
The scatter of all model simulations around the mean percentage total ozone loss amounts
to only 0.2 – 3.3% (absolute units) for the prescribed scenarios. Likewise, in these scenarios
the species HNO3, ClONO2, HCl, ClO and Cl2O2 as well as the reaction surfaces SSTS, SNAT show
good agreement. The agreement between the models is better for the pure gas phase indicating
a sensitivity to details of the formulation of the heterogeneous chemistry modules.
Two additional results were derived from the prescribed scenarios without heterogeneous
chemistry: the use of different photolysis modules and the assumptions concerning HCl source
reactions implemented in the models do not influence the ozone loss to any great extent.
To investigate the actual differences between the models, an unprescribed Arctic case study
was performed, where the individual schemes for both the photolysis and PSC microphysics
are applied in the models. The scatter of model simulations around the mean percentage total
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ozone loss increases to 6.7% (absolute units) in this scenario, caused by differences in the con-
version processes of the chlorine reservoirs ClONO2 and HCl to the active chlorine compounds
ClO and Cl2O2. Two settings of the microphysics and chemistry of polar stratospheric clouds
(PSC) are identified as sources of the larger scatter of the model simulations: the supersatura-
tion required for NAT formation, SNAT, and the temperature dependence of the heterogeneous
reaction probabilities, γ(1/T). Those models using the most realistic assumptions about these
parameters consequently simulate the most representative ozone chemistry.
The unprescribed Arctic case study also provides the opportunity to verify the model cal-
culations by means of measurements in the Arctic vortex. As a result of this comparison it is
found that the ozone loss is underestimated by all models by a factor of about two at the altitude
of strongest ozone loss. This study indicates –in the same way as earlier work (Becker et al.,
1998; Goutail et al. 1999, Becker et al. 2000a; Rex et al. 2000)– that the current knowledge of
the stratospheric ozone chemistry may be incomplete.
The input data employed in the intercomparison and the corresponding model results are
available (see Appendix) and may be used as a benchmark, e.g. to test newly developed models.
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Appendix
All the material necessary to repeat the runs of the model intercomparison can be found at:
http://www.fz-juelich.de/icg/icg1/www export/user/model compare/model compare.html
In addition, initialization and results for all investigated chemical species of the scenarios not
shown here (prescribed scenarios at the 420K and 600K levels as well as at all levels of the
unprescribed ARCTIC CASE STUDY) are shown at this web site. We invite other groups to join
the intercomparison and would be interested to hear about the results.
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